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It has been proposed that a large population of unresolved millisecond pulsars (MSPs) could
potentially account for the excess of GeV-scale gamma-rays observed from the region surrounding
the Galactic Center. The viability of this scenario depends critically on the gamma-ray luminosity
function of this source population, which determines how many MSPs Fermi should have already
detected as resolved point sources. In this paper, we revisit the gamma-ray luminosity function
of MSPs, without relying on uncertain distance measurements. Our determination, based on a
comparison of models with the observed characteristics of the MSP population, suggests that Fermi
should have already detected a significant number of sources associated with such a hypothesized
Inner Galaxy population. We cannot rule out a scenario in which the MSPs residing near the
Galactic Center are systematically less luminous than those present in the Galactic Plane or within
globular clusters.
I. INTRODUCTION
As a result of the ongoing operation of the Fermi
Gamma-Ray Space Telescope, our knowledge of gamma-
ray pulsars has dramatically expanded. To date, Fermi
has detected more than 160 pulsars, establishing them
as the dominant class of GeV-scale sources in the Milky
Way [1, 2]. Particularly pronounced has been the
progress made regarding pulsars with millisecond-scale
periods, generally believed to be old neutron stars that
were spun-up to extremely rapid rates of rotation through
the transfer of angular momentum from a companion
star [3–7]. In contrast to young pulsars, millisecond pul-
sars (MSPs) have weaker magnetic fields and thus lose
their rotational kinetic energy more slowly, typically re-
maining luminous for billions of years. Fermi has de-
tected emission from 70 MSPs, none of which were pre-
viously observed at gamma-ray wavelengths [1, 2, 8].1
The long lifetimes of MSPs have lead some to specu-
late that large numbers of such objects could exist in and
around the Milky Way’s disk, plausibly contributing sig-
nificantly to the diffuse gamma-ray background [9] (for
early work in this direction, see Ref. [10]). The character-
istics of the MSP population detected by Fermi, however,
reveal that luminous MSPs in the field of the Milky Way
are too rare to generate a significant fraction of the dif-
fuse gamma-ray background [11–13] (see also, Ref. [14]).
A bright excess of GeV-scale gamma-rays from the re-
gion surrounding the Galactic Center has been identified
1 For a list of Fermi-detected pulsars, see https://confluence.
slac.stanford.edu/display/GLAMCOG/Public+List+of+
LAT-Detected+Gamma-Ray+Pulsars.
from within the publicly available Fermi dataset [15–22],
and recently confirmed by the Fermi Collaboration [23].
This signal has a spectrum, angular distribution, and
overall normalization that is consistent with the expecta-
tions from annihilating dark matter, stimulating a great
deal of interest (see, for example, Refs. [24–48]). The
leading astrophysical interpretation of this signal is that
it is generated by a large population of unresolved MSPs,
in a highly concentrated and approximately spherical dis-
tribution around the Galactic Center [16–19, 49–51]. The
primary motivation for this possibility is the spectral
shape of the GeV excess, which is similar to that observed
from MSPs. Spurring further attention on this scenario
are the results of two recent studies, which find that the
gamma-rays from the region of the excess are more spa-
tially clustered than statistically expected [52, 53]. At
this time, however, it is not clear whether these tech-
niques are detecting the presence of a sub-threshold point
source population or merely groups of photons associated
with the small scale structure of the diffuse background.
We are hopeful that these and other [54, 55] analysis
strategies will help to clarify this situation in the near
future.
Previous studies have concluded that if the GeV ex-
cess does, in fact, originate from MSPs, then the inner
kiloparsecs of the Milky Way should contain many more
bright MSPs than have been detected by Fermi [14, 56].
From these results, it appears that MSPs could account
for the GeV excess only if the luminosity function of this
pulsar population was significantly different (containing
a smaller fraction of high-luminosity members) [49, 50]
than those populations observed in the field of the Milky
Way or within globular clusters [57]. It has been sug-
gested, however, that the determination of the luminosity
function presented in Ref. [57] (and utilized in Ref. [56])
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2may be inaccurate due to the systematic mismeasure-
ment of the distances to many MSPs, perhaps allowing
for the possibility that Fermi might not be sensitive to
many of the MSPs responsible for the GeV excess [51].2
In this paper, we constrain the characteristics of the
Milky Way’s MSP population, while avoiding the use of
uncertain distance determinations based on radio disper-
sion measurements. The remainder of this paper is struc-
tured as follows. In Sec. II, we construct a model for the
spatial distribution and luminosity function of the MSP
population associated with the Milky Way’s disk, and
constrain this population with the angular and flux dis-
tribution observed by Fermi, taking care to accurately
model Fermi’s direction- and luminosity-dependent MSP
detection probability. In Sec. III, we consider measure-
ments of MSP periods and their time-derivatives within
the context of the luminosity function inferred from our
fits. In Sec. IV, we present our determination of the MSP
luminosity function, taking into account the results of our
model fit, as well as the characteristics of the gamma-ray
emission observed from the Milky Way’s globular cluster
population. In Sec. V, we utilize our derived luminosity
function to determine the number of MSPs that should
have been detected by Fermi if such sources are respon-
sible for the GeV excess, finding quantities that exceed
the number of observed MSP candidates. Finally, we
summarize our results and conclusions in Sec. VI.
II. MODELING THE MILKY WAY’S
MILLISECOND PULSAR POPULATION
To model and ultimately constrain the Milky Way’s
MSP population, we have utilized a Monte Carlo which
draws from a distribution for each pulsar’s location and
gamma-ray luminosity. We take the luminosity function
to be described by a log-normal distribution, who’s cen-
tral value and width, L0 and σL, are treated as free pa-
rameters.3 The gamma-ray luminosity of a given MSP
is expected to be a function of its magnetic field, rota-
tional period, and gamma-ray efficiency. In Section III,
we will discuss the luminosity function within the con-
text of these characteristics of the underlying MSP pop-
ulation. For the spatial distribution of MSPs associated
with the Milky Way’s disk (as opposed to those in globu-
lar clusters [58–64] or in the Milky Way’s bulge or central
stellar cluster [51]), we adopt the following parameteri-
2 For most of the MSPs observed by Fermi, distances have only
been estimated from radio dispersion measurements. As this
association relies on models of the interstellar electron distribu-
tion, such determinations can involve significant and difficult to
quantify uncertainties [2].
3 This is in contrast to the power-law or truncated power-law pa-
rameterizations that have been adopted in other recent stud-
ies [50, 53].
zation:
dnMSP
dV
∝ e−|z|/z0 e−r2/2σ2R , (1)
where r and z describe the location of a pulsar in cylin-
drical coordinates, and z0 and σR are free parameters.
In order to compare the MSP population generated by
our Monte Carlo with the population observed and re-
ported by the Fermi Collaboration, we must first estab-
lish the probability that a given pulsar will be detected by
Fermi. In particular, Fermi’s detection threshold varies
significantly over the sky, being significantly higher in re-
gions with large backgrounds, such as along the Galactic
Plane. To address this, we adopt a direction-dependent
detection threshold that is proportional to the Fermi
pulsar flux sensitivity, as shown in Fig. 16 of Ref. [2].4
The constant of proportionality is allowed to float and is
treated as a nuisance parameter in our fits. We addition-
ally vary the detection threshold on a pulsar-to-pulsar
basis around the central value according to a log-normal
distribution with a width of σ = 0.9. This width was se-
lected to achieve approximate agreement with the distri-
bution shown in Fig. 17 of Ref. [2], and with the observed
near-threshold flux distribution. We have checked that
modest variations of this quantity do not qualitatively
alter our conclusions.
For each choice of parameters, we compare the output
of our Monte Carlo with the latitude, longitude, and flux
distribution of MSPs observed by Fermi. In this com-
parison, we include the 66 gamma-ray detected pulsars
found within the Third Fermi Source Catalog (3FGL) [65]
that exhibit rotational periods less than 10 milliseconds,
as reported in the Australia Telescope National Facility
(ATNF) pulsar catalog [66]. From this comparison with
the data, we calculate the likelihood for each parameter
set (z0, σR, L0, σL):
L =
∏
i
MDii e
−Mi
Di!
, (2)
where Mi and Di respectively denote the numbers of
MSPs predicted by our Monte Carlo and observed by
Fermi within the ith bin. In each case, we normalize our
model such that 66 MSPs are observed by Fermi. The
best fit was found for the case z0 = 0.39 pc, σR = 4.2
kpc, L0 = 4.7 × 1032 erg/s (> 0.1 GeV), and σL = 1.4.
In Fig. 1, we plot these three distributions for our best-
fit parameter set. This model clearly provides a good
fit to the data, corresponding to lnL ' −57.5. Around
this best-fit point, however, there is a significant range
of parameter space that is consistent with the data. In
Fig. 2, we plot the 1σ and 2σ contours favored by our fit
4 We thank Matthew Kerr and David Smith for providing us with
the numerical values that constitute this map.
3FIG. 1: The distribution in Galactic Latitude, Galactic Longitude, and gamma-ray flux (integrated above 0.1 GeV) of the
millisecond pulsars detectable by Fermi as predicted by our best-fit model (z0 = 0.39 pc, σR = 4.2 kpc, L0 = 4.7× 1032 erg/s,
and σL = 1.4). This is compared to the distribution observed by Fermi (red error bars). This model provides a good statistical
fit to the data.
in the z0-σR and L0-σL planes.5 These results approx-
imately correspond to: z0 = 0.4+0.6−0.15 pc, σR = 4.2
+2.4
−1.1
kpc, log10 L0 = 32.7
+1.2
−0.4, and σL < 1.8 (each at the 1σ
level).
Although we have chosen to avoid the use of most dis-
tance measurements in this study, we do take into ac-
count those obtained by use of stellar parallax (as op-
posed to the less reliable determinations based on radio
dispersion measurements). Among Fermi’s nine MSPs
with parallax distance measurements, the gamma-ray lu-
minosities vary between 5 × 1031 to 3 × 1033 erg/s [2],
5 Due to computational limitations, the results of our Monte Carlo
include statistical fluctuations. The contours shown in Fig. 2 are
smooth curves, fit to the more jagged output of our code.
which is well centered around our best-fit value of L0 =
4.7× 1032 erg/s. The distribution of luminosities exhib-
ited among these nine pulsars allows us to restrict the
width of the luminosity function; based on this we con-
servatively restrict the parameter space to those models
with σL > 0.8.
In terms of the spatial distribution of MSPs favored
by our fit, our results are similar to the results of pre-
vious studies [12–14]. For example, Ref. [14] found that
z0 ' 0.5 − 1 kpc and σR ' 3 − 7 kpc could accommo-
date the observed population. Similarly, the authors of
Ref. [13] find z0 = 0.67± 0.11 kpc, which lies well within
the 1σ region shown in Fig. 2. We will compare our lumi-
nosity function determination with the results of previous
studies in Sec. IV.
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FIG. 2: The determination of the parameters describing the spatial distribution (left) and gamma-ray luminosity function
(right) of the millisecond pulsar population associated with the disk of the Milky Way (as opposed to those contained within
globular clusters, or within our galaxy’s bulge or central stellar cluster). The crosses denote the best-fit point in each plane.
Pulsar distance estimates, which may suffer from significant and difficult to quantify uncertainties, have not been used in this
determination.
III. ROTATIONAL PERIODS, MAGNETIC
FIELDS, AND GAMMA-RAY EFFICIENCIES
The radio and gamma-ray emission observed from pul-
sars is powered by their rotational kinetic energy, which is
transferred through the process of magnetic-dipole break-
ing. The rate of the decline of a pulsar’s rotational period
is determined by the strength of its magnetic field:
P˙ ' 3.3× 10−20
(
B
108.5G
)2(
P
3ms
)−1
. (3)
This corresponds to the following rate for the loss of ro-
tational kinetic energy:
E˙ =
4pi2IP˙
P 3
(4)
' 4.8× 1034 erg/s
(
B
108.5G
)2(
P
3ms
)−4
,
where we have taken the neutron star’s moment of inertia
to be 1045 g/cm2. The (isotropic equivalent) gamma-
ray luminosity is defined as the total energy budget, E˙,
multiplied by an efficiency factor, Lγ ≡ E˙ η. Note that
a pulsar’s emission can be highly anisotropic, allowing
for efficiency factors (in the observed direction) that are
greater than unity.
If we naively take the population of MSPs to have dis-
tributions of periods, magnetic fields and gamma-ray ef-
ficiencies that are described by uncorrelated log-normal
distributions, we can describe the luminosity function in
terms of these individual parameters:
L0 ' 4.8× 1033 erg/s
(
B0
108.5G
)2(
P0
3ms
)−4(
η0
0.1
)
,
σL = 4σP + 2σB + ση. (5)
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FIG. 3: The observed period and magnetic field strength (as
determined from P˙ and P via Eq. 3), for those gamma-ray
millisecond pulsars with a measured value of P˙ . Note that
pulsars with large magnetic fields and/or low periods are gen-
erally more likely to be detected by Fermi, significantly bias-
ing the distribution shown. The black line is a contour of
constant luminosity, Lγ = 4.7 × 1032 erg/s ×(η/0.05), sur-
rounded by a shaded region representing the range in which
68% of MSPs (detected or otherwise) are predicted to reside
for σL = 1.4 and neglecting any pulsar-to-pulsar variation in
η.
In reality, it is not likely that these quantities are uncorre-
lated. The beaming geometry of a given MSP (on which
values of η rely), for example, may very well be dependent
on its rotational period and/or magnetic field strength.
In Fig. 3, we plot the period and magnetic field (as de-
5FIG. 4: The distribution of the periods of the millisecond
pulsars detectable by Fermi as predicted by our best-fit model
(z0 = 0.39 pc, σR = 4.2 kpc, L0 = 4.7 × 1032 erg/s, σL =
1.4, P0 = 4.9 ms, and σp = 0.35). This is compared to the
distributions observed by Fermi (red error bars). This model
provide a good statistical fit to the data.
termined from P˙ and P via Eq. 3), for each gamma-ray
MSP with a measured value of P˙ . One should interpret
the information presented in this figure carefully for at
least two reasons. First, not all of Fermi’s MSPs have a
measured value of P˙ (and thus an inferred value of B),
and it is not clear how the selection of this subset of
pulsars might bias the distribution of other parameters
under consideration. Second, pulsars with large values of
B and/or low values of P are generally brighter and thus
more likely to be detected by Fermi. This explains why
comparatively few MSPs are found in the lower-right por-
tion of this figure. We also include in this frame a contour
of constant luminosity, Lγ = 4.7× 1032 erg/s ×(η/0.05).
The shaded region around that contour represents the
range in which 68% of MSPs (detected or otherwise) are
predicted to reside, for L0 = 4.7 × 1032 erg/s ×(η/0.05)
and σL = 1.4, assuming (unrealistically) that any pulsar-
to-pulsar variation in η is negligible.
Any bias associated with Fermi’s detection threshold
can be directly addressed by our Monte Carlo. In Fig. 4,
we plot the distribution of periods for those MSPs de-
tectable by Fermi in our best-fit model, and compare that
to the observed distribution. Along with the best-fit pa-
rameters identified in the previous section (z0 = 0.39 pc,
σR = 4.2 kpc, L0 = 4.7× 1032 erg/s, and σL = 1.4), the
best fit was found for P0 = 4.9 ms and σP = 0.35, sim-
ilar to that found in Ref. [67]. If we assume that there
is no correlation between the period, magnetic field, and
gamma-ray efficiency of a given MSP, these parameter in
turn imply B0 ' 3.8×108G ×(0.05/η0)1/2, which is con-
sistent with previous determinations [13, 14]. More prob-
lematic are the the best-fit values found for σP and σL
which, in the absence of correlations, implies essentially
no pulsar-to-pulsar variation in B or η (σB ' ση ' 0).
As this is clearly not the case (see, for example, the range
of B values shown in Fig. 3), we conclude that the true
MSP luminosity function is likely to feature a somewhat
wider distribution than our best-fit model, likely in the
range of σL∼ 1.5-2.2. We will discuss further support for
this conclusion in the following section. Additionally, this
apparent problem is potentially associated in part with
actual correlations that exist between these parameters.
In particular, past studies have found typical behavior of
the form Lγ ∝ E˙α, with α ' 0.5 − 1.0 [11–14, 68–71].
For α < 1, this has the effect of reducing the value of
σL relative to that found if one assumes no correlations
between these parameters (as in Eq. 5).
IV. THE MSP GAMMA-RAY LUMINOSITY
FUNCTION
Previous studies have used a number of different meth-
ods to derive the gamma-ray luminosity function of
MSPs. In Ref. [57], the authors estimated the distance to
which Fermi’s catalog of high-latitude (|b| > 10◦) MSPs
in the field of the Milky Way would be complete above
a given luminosity, and used the distribution of such
sources to infer the underlying luminosity function. The
results of this approach are shown as error bars in the left
frame of Fig. 5. This determination relies on the relia-
bility of pulsar distance measurements (Ref. [57] adopted
distances as reported in the ATNF catalog [66]), however,
and thus is subject to significant systematic uncertain-
ties. The same authors also made use of MSPs observed
within the globular cluster 47 Tucanae (also known as 47
Tuc, or NGC 104), combined with a previously identified
empirical correlation relating their X-ray and gamma-
ray luminosities [2], to derive the gamma-ray luminosity
function for the MSPs contained within that system [57].
Notably, this yielded results that were consistent (within
uncertainties) to those obtained using the previously de-
scribed method.
In Secs. II and III of this study, we derived constraints
on the MSP luminosity function by comparing the predic-
tions of population models to the observed distribution of
MSPs on the sky and in flux, without making use of un-
certain distance determinations. Although this approach
avoids the systematic uncertainties associated with MSP
distances, it yields results which suffer from fairly large
statistical uncertainties, as can be seen in Fig. 2.
In the left frame of Fig. 5, we plot as solid lines the
best-fit luminosity functions as derived in Sec. II of this
study (black), from the field population of MSPs, in-
cluding uncertain distance determinations [57] (red), and
using the MSP population in the globular cluster Tuc
47 [57], assuming a log-normal distribution in each case.
Between luminosities of 1032 and 1034 erg/s, these three
determinations are in fairly good agreement. They de-
part, however, in their predictions for the number of very
luminous MSPs. In the right frame of Fig. 5, we plot the
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FIG. 5: Left frame: the best-fit luminosity functions as derived in Sec. II of this study (black solid), from the field population
of MSPs, including uncertain distance determinations [57] (red solid, and error bars), and using the MSP population within
the globular cluster Tuc 47 [57] (grey soild, and shaded region). Right frame: the best-fit values of L0 and σL for each of these
three luminosity functions, as well as the 1 and 2σ contours around the determination presented in Sec. II of this study, and
the determination using field MSPs from Ref. [57]. The grey shaded region denotes the range of parameters that is consistent
(at the 95% confidence level) with the observed luminosity of PSR J1823-3021A.
best-fit values of L0 and σL for each of these three lumi-
nosity functions, as well as the 1 and 2σ contours around
the determination presented in Sec. II of this study, and
the determination using field MSPs from Ref. [57]. When
considering the determination from the fit in Sec. II of
this study, recall from the discussion in Sec. III that to
reconcile this best-fit luminosity function with the ob-
served variations in MSP periods, magnetic fields, and
gamma-ray efficiencies, one must adopt σL >∼ 1.5, which
is consistent with the range favored by the determina-
tions presented in Ref. [57].
The high luminosity end of the MSP gamma-ray lumi-
nosity function can be further constrained by considering
the source PSR J1823-3021A. This pulsar exhibits a pe-
riod of 5.44 ms and a spin-down rate of E˙ = 8.28× 1035
erg/s. Importantly, PSR J1823-3021A resides in the
globular cluster NGC 6624, making it possible to ob-
tain a reliable distance measurement, d = 7.6 ± 0.4
kpc [2]. This object is also highly luminous, Lγ =
7.0±1.0±0.8×1034 [2], outshining the total gamma-ray
emission from most globular clusters (which are typically
thought to contain large numbers of MSPs).
Thus far in this study, we have focused on MSPs
that are associated with the Galactic Plane, and have
not taken into account PSR J1823-3021A, or any other
sources residing within globular clusters. By comparing
the gamma-ray luminosity of PSR J1823-3021A to the
total luminosity from the 16 globular clusters observed
by Fermi [57], we find that more than 10% of the total
gamma-ray luminosity from these clusters comes from
this single source. As this collection of 16 globular clus-
ters contains approximately ∼2000 MSPs (using any of
the luminosity functions shown in left frame of Fig. 5),
it is reasonable to expect that they collectively repre-
sent a fair sample of MSPs. If we attempt to correct
for the possible bias resulting from Fermi not being able
to detect faint globular clusters, this would only increase
our estimate for the fraction of the total luminosity from
globular clusters that comes from PSR J1823-3021A. We
are also being conservative in assuming that all of the
gamma-ray luminosity from these globular clusters orig-
inates from MSPs (their stacked spectrum suggests that
this may not be the case [57]).
If we adopt the best-fit luminosity function derived in
Sec. II (L0 = 4.7 × 1032 erg/s and σL = 1.4), we pre-
dict that these 16 globular clusters should contain ' 0.04
MSPs with Lγ ≥ 7× 1034 erg/s. Given that at least one
such object is observed, this luminosity function model
is excluded at the approximately 2σ level. In the right
frame of Fig. 5, the grey shaded region represents the pa-
rameter space that is consistent (at the 95% confidence
level) with the observed luminosity of PSR J1823-3021A.
In Fig. 6, we plot the 1 and 2σ ranges for the luminosity
function, as found when combining the likelihood func-
tion presented in Sec. II with the constraint based on
PSR J1823-3021A. Again, at luminosities between 1032
and 1034 erg/s, the range of allowed luminosity functions
is fairly narrow, while a significant range of behaviors is
found at higher luminosities, Lγ >∼ 1034 erg/s.
V. THE DETECTABILITY OF A MSP
POPULATION IN THE INNER MILKY WAY
Motivated by the possibility that the GeV excess ob-
served from the region surrounding the Galactic Center
could potentially be generated by a population of unre-
solved MSPs [16–19, 49–51, 53], we will utilize the lu-
7Model Name L0 (erg.s) σL NMSP NMSP(> 1034) NMSP(> 1035) 〈Lγ〉 (erg/s) Ndet
A 4.7×1032 1.75 13,750 560.8 14.40 2.16× 1033 19.9
B 4.7×1032 2.25 5187.2 456.2 44.36 5.73× 1033 34.8
C 1.8×1033 1.4 6212.0 689.7 12.49 4.79× 1033 21.4
D 5.5×1033 1.4 2024.4 680.7 39.64 1.47× 1034 36.8
Glob. Clus. [57] 9.0×1032 1.55 9982.4 602.8 11.02 2.98× 1033 18.8
Field [57] 3.1×1032 2.71 2681.5 272.8 46.25 1.11× 1034 31.7
TABLE I: A summary of the characteristics of a MSP population potentially responsible for the GeV excess, for six representative
luminosity function models. For each model, we list the number of MSPs that are required to generate the observed intensity
of the GeV excess, as well as the number of those MSPs with gamma-ray luminosities greater than 1034 and 1035 erg/s, and
the mean luminosity in each model. The final column denotes the number of MSPs in the centrally located population that
are predicted to be detectable by Fermi (and should appear within the 3FGL catalog).
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FIG. 6: The range of MSP gamma-ray luminosity functions
consistent at the 1 and 2σ level to the combination of the
population model fits described in Sec. II and the constraint
based on PSR J1823-3021A described in Sec. IV.
minosity function derived in this study to address this
scenario. To this end, we adopt a spherically symmetric
spatial distribution of MSPs chosen to obtain the ob-
served morphology of the excess: dN/dV ∝ r−2.4, out
to rmax = 3.1 kpc. We then draw from a given luminos-
ity function until the total luminosity from MSPs equals
that of the GeV excess.
In Table I, we provide a summary of our results, ob-
tained for 6 representative choices of the gamma-ray lu-
minosity function. In addition to the parameters describ-
ing each luminosity function (L0, σL), we list the num-
ber of MSPs required to generate the observed intensity
of the GeV excess, which varies between approximately
2000 and 14,000 over this range of models. Also listed is
the number of those MSPs with gamma-ray luminosities
greater than 1034 and 1035 erg/s, and the mean luminos-
ity in each model.
To determine which members of the central MSP pop-
ulation would be detected by Fermi, we apply the same
treatment for the detection probability as described in
Sec. II, making use of the direction-dependent sensitivity
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FIG. 7: The probability that Fermi will have detected a MSP
that is part of the population potentially responsible for the
GeV excess, as a function of gamma-ray luminosity.
map (Fig. 16, Ref. [2]), scaled to the best-fit normaliza-
tion and variation found using the observed population
of field MSPs. The probability of detecting a MSP that
is part of the population potentially responsible for the
GeV excess is shown in Fig. 7, as a function of luminosity.
This plot shows that most MSPs fainter than a few times
1034 erg/s will not be detected by Fermi (by which we
mean they will not appear in the 3FGL catalog [65]), and
thus a very large fraction of this population will remain
unresolved. Each of the models listed in Table I predict
that Fermi should have detected between 18.8 and 36.8
MSPs if such a population is, in fact, responsible for gen-
erating the GeV excess. Alternatively, scanning over the
range of luminosity functions shown in Fig. 6, we find
that Fermi should have detected between approximately
15 and 43 sources associated with this MSP population.
The authors of Ref. [53] have pointed out that there
are 13 sources in the 3FGL catalog that lie within their
region-of-interest (2◦ < |b| < 12◦ and |l| < 12◦), are
listed as unassociated with emission observed at other
wavelengths, show no signs of variability on month-
timescales, and have a spectrum that is roughly consis-
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FIG. 8: The angular distribution of a simulated sample of Inner Galaxy MSPs detectable by Fermi, for models A-D as described
in Table I. In each frame, the number of detectable MSPs has been normalized to 200. Note that although the underlying
MSP distribution is assumed to be spherically symmetric with respect to the Galactic Center, the higher backgrounds along
the Galactic Plane suppress the number of sources that are detected within the region b <∼ 2◦.
tent with that expected from a MSP. It was subsequently
shown in Ref. [72], however, that although the spectra of
some of these sources (namely J1808.3-3357 and J1820.4-
3217) do resemble that observed from other MSPs, the
combined spectrum of these sources is not MSP-like, but
instead resembles a power-law. This strongly suggests
that a significant fraction of these sources are not, in
fact, MSPs. Furthermore, 5 of these 13 sources fall within
the region covered by the First Fermi-LAT Inner Galaxy
point source catalog (1FIG), recently presented by the
Fermi Collaboration [23]. Remarkably, 4 of the 5 of these
MSP candidates are absent from this new catalog (3FGL
J1740.5-2642, 3FGL J1740.8-1933, 3FGL J1759.2-3848,
and 3FGL J1808.4-3519, see Table 3 of Ref. [23]). More
generally, the Fermi Collaboration has suggested that a
number of the 3FGL sources located near the Galactic
Center, especially those located outside of the Galactic
Plane, are likely to be associated with misattritubuted
diffuse emission [23]. Furthermore, the distribution of
sources in the 1FIG is significantly more concentrated
around the Galactic Plane than was found in the 3FGL.
The concentration of bright Inner Galaxy sources around
the Galactic Plane was also identified in the analysis of
Ref. [52].
In Fig. 8, we plot the simulated distribution of Inner
Galaxy MSPs detectable by Fermi, for luminosity func-
tion models A, B, C, and D (see Table I). In each case,
we have normalized the distribution to include 200 de-
tectable MSPs. The most significant aspect of this plot is
that comparatively few of the detectable MSPs are found
near the Galactic Plane, due to the higher backgrounds
and detection thresholds in that region of the sky. More
quantitatively, the region along the Galactic Plane but
excluding the Galactic Center (|b| < 2◦, |l| > 2◦) was
found to contain only 30-40% as many detectable MSPs
as a similar region perpendicular to the Plane (|l| < 2◦,
|b| > 2◦).
In light of this spectral and spatial information, it ap-
pears unlikely that more than half or so of the 13 sources
listed in Ref. [53] could be part of a spherically sym-
metric MSP population. In the same ROI, the range of
luminosity function models shown in Fig. 6 predict that
Fermi should have detected between 9.2 and 25.8 MSPs.
We thus conclude that if MSPs did account for the GeV
excess, we should have expected Fermi to have detected
significantly more MSP candidates than are contained in
9the 3FGL catalog.
While acknowledging the significant tension illustrated
by this comparison, it is not our opinion that this firmly
rules out the hypothesis that MSPs are responsible for
the GeV excess. One way to evade this conclusion is to
consider a population of MSPs in the Inner Galaxy that
exhibits a different gamma-ray luminosity function than
those observed in the field of the Galaxy, or in globular
clusters. For example, it was suggested in Ref. [51] that
a sizable population of MSPs could have accumulated in
the central stellar cluster and bulge of the Galaxy as the
result of the tidal disruption of globular clusters. In such
a scenario, the average MSP in the Inner Galaxy could
be somewhat older than those observed elsewhere.
The characteristic timescale for a pulsar to lose its ro-
tational kinetic energy is given by:
τ ≡ E
E˙
=
P
2P˙
' 15.6Gyr×
(
P
5ms
)2(
1.6× 108G
B
)2
.(6)
Given that this is of the same order of magnitude as the
age of many globular clusters, it seems plausible that
a very old MSP population (without the young mem-
bers that might have formed more recently in the Galac-
tic Disk or within intact globular clusters) might exhibit
slightly longer periods, and thus modestly lower gamma-
ray luminosities, than those MSPs observed elsewhere.
VI. SUMMARY AND CONCLUSIONS
The viability of millisecond pulsars (MSPs) as the
source of the GeV Galactic Center excess depends crit-
ically on the fraction of these objects that are lumi-
nous enough to be resolved by Fermi as individual point
sources. In this paper, we revisited the MSP gamma-ray
luminosity function. Making use of the observed distri-
bution of gamma-ray MSPs on the sky and in flux, we
have constrained the characteristics of the Milky Way’s
MSP population, finding a spatial distribution and dis-
tribution of periods that is in good agreement with those
found in previous studies. Combining these results with
information pertaining to the MSP population observed
in globular clusters, we have produced a robust determi-
nation of the luminosity function, which does not rely on
any uncertain distance measurements.
Using the luminosity function derived in this study,
we predict that if the GeV excess originates from MSPs,
Fermi should have already detected between 15 and
43 members of the Inner Galaxy population. Further-
more, due to the formidable backgrounds found along
the Galactic Plane, the detectable MSPs are predicted
to reside preferentially at |b| >∼ 2◦. The predicted quan-
tity and distribution of detectable MSPs is inconsistent
with the MSP candidates contained within the 3FGL and
1FIG catalogs. If MSPs are responsible for the gamma-
ray signal observed from the Inner Galaxy, they must be
systematically less luminous than those pulsars observed
in the Galactic Plane or within globular clusters.
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